Splitting of autowaves was observed in a two-dimensional photosensitive Belousov-Zhabotinsky reaction medium after a short, high-intensity inhibitory light pulse. These results, apparently contradicting the standard properties of autowaves, are explained within the context of reaction-diffusion equations.
(Received 16 September 1996) Splitting of autowaves was observed in a two-dimensional photosensitive Belousov-Zhabotinsky reaction medium after a short, high-intensity inhibitory light pulse. These results, apparently contradicting the standard properties of autowaves, are explained within the context of reaction-diffusion equations.
[S0031-9007(97) PACS numbers: 82.50.Fv, 87. 10 . + e Autowave propagation is characteristic of a large number of systems in nature called active media [1, 2] : heart tissue [3] , intracellular media [4] , the retina [5] , social amoeba [6] , catalytic surface reactions [7] , a twodimensional array of coupled nonlinear electronic circuits [8] , and the Belousov-Zhabotinsky reaction [9] [10] [11] [12] . These waves propagate with constant shape and velocity by using the energy stored in the medium; this makes all their properties completely different from those of the classical waves in conservative media. Roughly speaking, an autowave consists of an activator wave that triggers the medium from the resting state to an excited state, closely followed by an inhibitory wave that restores the resting state in the medium and prevents the medium from being reexcited right after the passage of a wave [13] . From this, it results that the back of a wave cannot be excited, and thus an autowave cannot spontaneously split into two waves propagating in opposite directions. Nevertheless, exceptions to this property have so far been found in one-dimensional systems: Splitting occurs in the Belousov-Zhabotinsky reaction at a sufficiently high decelerating electric field [14, 15] , in a CO-oxidation wave along the [001] axis of Pt at crystal defects [16, 17] , as well as in cubic autocatalysis model for a continuously stirred tank reactor (CSTR) [18] . Apparent splitting has also been observed in two-dimensional records of threedimensional systems (viewed from above), if waves can move over their refractory tails by scrolling within an inhomogeneous third dimension [19] [20] [21] .
In this paper, we present the first autowave splitting experimentally observed in a real two-dimensional medium (photosensitive Belousov-Zhabotinsky reaction) after imposing extreme changes in the system dynamics for a short time. In addition, we explain the mechanism here involved within the context of reaction-diffusion equations.
Experiments were performed in the BelousovZhabotinsky reagent catalyzed by the ruthenium bipyridyl complex Ru͑bpy͒ 21 3 which is sensitive to visible light, thus allowing external control of the system [11, 12, [22] [23] [24] . The Ru 21 complex was immobilized in a silica-gel matrix [using a solution of 10.3% sodium silicate, FIG. 1. Experimentally observed splitting of a planar wave front. Space-time plot of the phenomenon, the figure is a vertical array of experimental picture slices taken every second (slice area, 7.8 mm wide by 0.2 mm high). A planar wave front was created in one end of the Petri dish. At t t 1 ,a homogeneous light pulse was delivered (intensity 26 W͞m 2 , lasting 15 s); after the pulse, at t t 2 , the wave splits into two waves propagating in opposite directions. 2m M R u ͑bpy͒ 21 3 , and 0.18 M H 2 SO 4 ; preparation as in Ref. [25] ] in a Petri dish (diameter, 5.2 cm; thickness, 1 mm). The solution (initial concentrations; 0.18 M NaBr, 0.33 M malonic acid, 0.39 M NaBrO 3 , and 0.69 M H 2 SO 4 ) was poured onto the gel. As the volumes of this solution and the gel were equal, the concentrations decreased to one-half of their initial value. The temperature was kept constant at 25 6 1 ± C. White light (250 W halogen lamp with digital intensity regulation) passed first a diffusion screen, then the Petri dish, then an interference filter (450.6 nm; transmission, 56%), and finally video equipment for image recording. In the pictures here shown, white corresponds to Ru 31 (propagating wave), black to Ru 21 (resting state), and gray levels to refractoriness. The light intensity was 6W͞ m 2 , unless a homogeneous light pulse was applied, as quantified below, for the induction of wave splitting. Figure 1 shows a space-time plot of the experimentally observed phenomenon of wave splitting. First a planar wave front-traveling from left to right-was created on the right side of the picture by projecting a planar image as in [22, 26] . A homogeneous light pulse was delivered between times t 1 and t 2 , its intensity being not high enough as to completely annihilate autowave propagation (for the same light intensity here considered, waves were observed to propagate through the medium without stop or annihilation). Some seconds later, a new independent wave appears at the end of its refractory tail, propagating in the opposite direction. Note that what we actually observe is a narrowing (broadening) of the wave after t 1 (t 2 ). This is opposed to what we see in Fig. 1 , which is a recording artifact due to the automatic adjustment of the CCD camera diaphragm, at changing light intensities; it changes much slower than the typical times of the experiment.
In Fig. 2 , the phenomenon of wave splitting is applied to a spiral wave in a homogeneous two-dimensional medium, leading to its complete annihilation. Figure 2(a) shows a single spiral covering the whole Petri dish. A homogeneous light pulse is delivered. After some time, this leads to the situation (just before splitting) shown in Fig. 2(b) . Then, the spiral wave splits into two waves propagating in opposite directions [ Fig. 2(c) ] until they merge together [ Fig. 2(d) ], the whole spiral disappearing 60 s after the end of the light pulse.
Different initial concentrations of the Ru͑bpy͒ 21 3 catalyst (from 0.71 to 3 mM) and of H 2 SO 4 in the solution (from 0.5 to 0.7 M) were checked and the same splitting phenomena were found although the necessary light intensities also had to be changed. Furthermore, the phenomenon was found to be independent of the thickness of the gel. In fact, even in the extreme case of a thickness of 0.1 mm (by using a gel prepared within a Millipore filter [27] ) no qualitative change was obtained as shown in Fig. 3 . Note that in this case, the thickness of the gel is about half of the estimated core diameter. By virtue of this experiment we discard three-dimensional effects; in fact, a three-dimensional scrolling requires a thickness large enough to include the core diameter and two wave fronts, one going forward and one backward.
These experimental results apparently contradict the general properties of autowaves; nevertheless they can, indeed, be understood within the framework of reactiondiffusion systems. As it was said above, an autowave is composed by an activator wave followed by an inhibitory wave. The effect of a light pulse in such a system is illustrated in Fig. 4 where the mechanism of splitting is reproduced by solving numerically a set of partial differential equations describing a one-dimensional active medium.
As indicated by the nullclines in the phase diagrams in Figs. 4(a) and 4(b) , the light pulse increases the excitation threshold (corresponding to AB) and shortens the curves CD and EA, thus, narrowing the activator and the inhibitory waves. Because of the threshold enhancement, the inhibitory wave is still able to keep the wave propagating in one single direction. When the initial light conditions are restored, the threshold is diminished but the wave of   FIG. 4 . Mechanism of autowave splitting. (a) Nullclines of the system depicted for a low value of the light intensity ͑w w 1 ͒ and (b) for a high value of the light intensity ͑w w 2 ͒. Double (single) arrows indicate fast (slow) transitions. (c) Evolution of the light along the experiment. Each one of the following insets shows the shape of the activator (u variable) and inhibitory (y variable) waves at times (d) t 3.8 time units (t.u.), before the light pulse; (e) t 7.8 t.u., at the end of the light pulse; (f) t 8.2 t.u., right after the light pulse, and (g) t 12.2 t.u., final situation. The results were obtained by solving the modified FitzHugh-Nagumo equations [1, 29, 30] : the inhibitor, which is the slow variable, does not recover immediately; thus the activator wave has enough time to jump over the inhibitory wave, i.e., to excite the back of the wave. This is illustrated in the following insets of Fig. 4 . Figure 4(c) shows the evolution of the light intensity with time during this experiment. The shape of both activator and inhibitory waves before the light pulse was delivered is shown in Fig. 4(d) and at the end of the pulse in Fig. 4(e) . Note that, after the pulse, both waves are much narrower than before. Once the light conditions are restored, the system recovers its initial state. But for the extreme conditions in this paper, the activator wave (fast variable of the system) recovers much earlier than the inhibitory wave (slow variable) and, thus, is able to jump over the inhibitory wave that is not yet able to stop propagation of the activator in the back way [ Fig. 4(f) ]. Thus, for the time the inhibitory wave did recover, the activator wave had already excited the back of the wave and two waves propagating in opposite directions appeared [ Fig. 4(g) ]. Note that this mechanism requires specific model parameters, corresponding to the narrow experimental range in which autowave splitting takes place.
The splitting mechanism has also been described and explained by using a cellular automaton model [28] , the results fitting well with the experiments presented here. This paper shows the possibility of autowave splitting in a two-dimensional system after an intense, short, and homogeneous change of the properties of the medium. The use of an homogeneous nonoriented control parameter allows us to obtain splitting in a two-dimensional medium, in contrast to [14, 15] where the use of an oriented-alongpropagation-velocity electric current constrained the splitting phenomenon to a one-dimensional case. Furthermore, this phenomenon that apparently contradicts the standard properties of active media is explained within the context of reaction-diffusion equations in which the third dimension can be completely suppressed.
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